We investigate low energy implications of string loop corrections to supergravity couplings which break a possible flavor universality of the tree level. If Supersymmetry is broken by the dilaton F -term, universal soft scalar masses arise at the leading order but string loop corrections generically induce flavor-nondiagonal soft terms. Constraints from flavor changing neutral currents (FCNC) and CP violation then require a large supersymmtery breaking scale and thus heavy gluinos and squarks. If Supersymmetry is broken by moduli F -terms, universality at the string tree level can only be guaranteed by extra conditions on the Kähler potential. A large hierarchy between the gluino and squark masses ensures that FCNC and CP violation constraints are satisfied. If the soft scalar masses vanish at the string tree level, the cosmological problems related to light moduli can be evaded. However, generic string loop corrections violate FCNC bounds and require very heavy squark masses (≈ 100 T eV ).
Introduction
Supersymmetric extensions of the Standard Model (SM) are among the most promising candidates for new physics above the weak scale M Z . In the minimal supersymmetric SM (MSSM) all particles of the SM are promoted to chiral N = 1 supermultiplets with one additional Higgs doublet added [1] . Supersymmetry is assumed to be broken by explicit but soft breaking terms which appear naturally in the low energy limit of spontaneously broken supergravity theories.
This soft supersymmetry breaking introduces a number of new parameters into the Lagrangian which control the mass spectrum of the fermion's superpartners.
The parameter space spanned by the soft terms has been the subject of numerous investigations, mostly under some simplifying assumptions [1] . It has also been studied within the context of further extensions such as superstring theory [2] [3] [4] [5] [6] [7] [8] .
Without specifying the precise origin of the non-perturbative effects in superstring theory but with a number of plausible assumptions, it has been possible to observe interesting features of the soft terms [4, 7, 8] . In particular, many signatures at M Z are entirely controlled by perturbative couplings in string theory and (almost) independent of the assumption about the unknown non-perturbative properties. The relevant perturbative couplings have indeed been computed for many string vacua at the leading order (tree level) in string perturbation theory.
One finds that in most cases the standard assumptions of the MSSM are not fulfilled. For example, non-universal scalar masses as well as non-proportional A-terms with arbitrary CP-violating phases are easily generated. Non-universal scalar masses are particularly dangerous since they generically induce unacceptably large contributions to rare processes such as flavor changing neutral currents (FCNC) [9] [10] [11] [12] . One way out is to look for possible mechanisms which naturally suppress non-universal scalar masses. This could be natural if SUSY breaking is communicated to the light particles by gauge interactions [13] or in models with a nonabelian horizontal symmetry [14] . (Abelian horizontal symmetries could align quark and squark mass matrices, thus suppressing FCNC without squark degeneracy [15, 16] .) ⋆ In the context of string theory, universality of squark masses is achieved if the dominant source for supersymmetry breaking is the dilaton F -term [7] or in 'no-scale' type of models [19] . However, in both cases non-universal scalar masses might arise through couplings generated at the 1-loop level of string perturbation theory. Although for such couplings much less (string) information is currently available, it is possible to estimate the typical size of these corrections and hence estimate the physical implications for weak scale phenomenology. Furthermore, the generic CP-violating phases of the A and B-terms are constrained in both scenarios and can be confronted with the bounds for the electric dipole moment of the neutron (EDMN) [20] . This paper is organized as follows: In Section 2 we present the general form of string loop corrections. Their implications on FCNC and CP violation when supersymmetry is broken by the dilaton F -term are studied in section 3. A similar analysis for supersymmetry breaking by moduli F -terms (including some cosmological consequences) are studied in section 4. A summary is given in Section 5.
⋆ Other recent investigations of the problem include refs. [17, 18] . 3 
String Loop Corrections
We first summarize the generic structure of the couplings in the low energy effective Lagrangian of string theory. In addition to the gravitational and gauge multiplets, the massless spectrum contains two types of chiral supermultiplets.
First, matter fields Q I which are charged under the low energy gauge group G and which contain the quark and lepton multiplets of the SM. Second, there are the gauge neutral supermultiplets S (dilaton) and M i (moduli) which are flat directions of the perturbative effective potential and whose VEVs parameterize the perturbative degeneracy of the string vacuum.
⋆ The couplings of the low energy effective Lagrangian for the massless multiplets are encoded in three scalar functions: the real Kähler potential K, the holomorphic superpotential W and the holomorphic gauge kinetic function f .
K summarizes the kinetic energy terms and at low energies can be expanded in the matter fields
where the '· · ·' in eq. (2.1) correspond to terms which are irrelevant for the present investigation. The matter fields Q I carry canonical dimension one whereas S and M i are expected to receive Planck-sized VEVs and therefore are chosen to be dimensionless. The couplingsK, ZĪ J and H IJ are dimensionless functions of S and M i and only further constrained by the fact that the dilaton Re S serves as the string-loop counting parameter. At the string tree level the dilaton couples universally in all string vacua; this universality is lost at the loop level but all ⋆ Strictly speaking there can also be singlet supermultiplets which are not moduli, i.e. which are not a flat direction of the effective potential. For the purpose of this article we include them among the matter fields Q I .
couplings can be expanded in powers of Re S:
IJ do not depend on the dilaton and their moduli dependence in general cannot be further constrained (they do depend on the details of the internal superconformal field theory). †
The scalar potential and the Yukawa couplingsỸ IJL are determined by the superpotential W which is not renormalized at any order in string perturbation theory. The perturbative W is completely independent of the dilaton S but nonperturbative corrections can introduce further dilaton (and moduli) dependence into W . Expanding in Q I we have
where the '· · ·' stand for non-renormalizable interactions.Ŵ is identically zero at any order in string perturbation theory and arises only from non-perturbative physics. (Similarly, the S-dependence inμ is induced at the non-perturbative level.) Without specifying the precise nature of such non-perturbative effects they can be parameterized byŴ . We assume thatŴ is such that it breaks supersymmetry by generating non-vanishing moduli F -terms F i and/or a dilaton †K (1) and Z 
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F -term F S . To simplify our notation let us introduce an index φ which runs over both the moduli and dilaton direction, i.e. φ = (i, S). Using this notation the F -terms are given by 4) while the scale of supersymmetry breaking is parameterized by the (complex) gravitino mass
We further assume that, at the minimum of the potential, a dilaton VEV S and moduli VEVs M i are generated and hence the perturbative vacuum degeneracy is (partially) lifted. Finally, the cosmological constant is assumed to be zero which
Under these assumptions (spelled out in more detail in ref. [7] ) soft supersymmetry breaking terms are generated in the observable sector. In particular, the potential for the observable matter scalars (which we also call Q I ) contains the following soft supersymmetry breaking terms:
where the parameters m 2 , A, B are moduli and dilaton dependent and not necessarily flavour diagonal [4, 7, 8] . Specifically, 8) where the flavour dependence can arise through the (perturbative) curvature ‡ Recently various mechanisms have been studied which also include low energy quantum corrections to the cosmological constant [22, 23] . Most of our analysis here is insensitive to the details of the mechanism responsible for the vanishing of the cosmological constant. 9) and hence the standard assumption of universal (flavour independent) soft masses might not hold. Furthermore,
where the first two terms are in general not proportional to the Yukawa couplings.
Similarly,
Hence, the parameters of V (SSB) in eq. (2.7) in general do not satisfy the property of flavour-independence which is commonly assumed in the MSSM.
Finally, there is one more soft term induced: the gauginos aquire a mass given
are the gauge couplings (a labels the simple factors in the gauge group). In string theory the gauge couplings are universal at the leading order and § In the context of the MSSM there is only one B-term allowed by gauge invariance and R-invariance and hence no flavour dependent matrix exists. What the non-proportionality means in this case is that µ can be zero with B staying finite (or vice versa).
determined by the VEV of the dilaton. Non-universality and moduli dependence is only introduced via one-loop threshold corrections ∆ a [24] g −2
M String denotes the characteristic scale of string theory; numerically M String ≈ 5 × 10 17 GeV which is close to the supersymmetric GUT-scale M GUT ≈ 3 × 10 16
GeV. In this paper we do not make any distinction between the two scales and denote them both by M X . As a consequence of the very special field dependence of the gauge couplings, the gaugino masses are universal at the leading order and
. 
Supersymmetry Breaking by the Dilaton
Under the assumption that only a dilaton F -term F S is generated by the non-perturbative physics, the soft parameters simplify considerably at the leading order and the scalar masses and A-terms are indeed universal. This is a consequence of the universal couplings of the dilaton at the string tree level.
Specifically one finds [7, 8] 
while B and µ are independent parameters. (If, in addition,μ = 0 holds in eq. (2.12), B and µ are related via B = 2m 3/2 µ but we do not assume this relation here.) Given the soft terms (3.1) generated at M X , standard RG-analysis can be used to compute the supersymmetric mass spectrum at low energies [25] .
⋆
One finds that all squark masses mq are essentially degenerate with the gluino
whereas the slepton masses obey
In order to evade the direct experimental bounds [27] on scalar and gaugino masses, eqs. (3.2), (3.3) imply
In this section we study the physical properties of this scenario beyond the leading order approximation. In particular, we assume generic O(1) one-loop couplings Z A-terms at the next order. From eqs. (2.8)-(2.10) we learn (using (3.1))
where Z (0) , Z (1) andK (1) are all functions of O(1).
Constraints from Flavor Changing Neutral Currents
Let us first focus on the constraints implied by the smallness of FCNC. We use the notation of ref. [15] and the calculations of ref. [28] . † The experimental bounds from FCNC constrain the sfermion masses at the weak scale M f 2 (f = u, d, ℓ) which are determined in terms of the soft input parameters (3.1) and (3.5) generated at the high energy scale M X . In the basis where fermion mass-matrices are diagonal and gaugino couplings are diagonal, the sfermion masses appear in 3 × 3 submatrices, 
and the strongest constraints on non-universality arise from the light generations. † See also refs. [29] . ‡ The diagonal elements in M 2 LR also depend on µ.
(For squarks the bounds are particularly strong on the combination δ The experimental bounds (3.8) and (3.9) can now be compared with the theoretical 'predictions' of the dilaton scenario which follow from eqs. (3.1) and (3.5). Let us first note that even for the universal boundary conditions (3.1) renormalization effects induce small δ's at low energies which obey (3.8) and (3.9) [28, 29] . The point we want to study here is the implication of the non-universality implied by (3.5) . The running of the off-diagonal mass-matrix elements of the § (M ℓ2 LR ) 22 depends on a phase φ B , defined in the next section. Here we take φ B = 0 which gives the weakest constraint.
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first two generations is neglibly small [1] and hence we can estimate at the weak scale: In the slepton sector the constraint is stronger and (3.9) can only be satisfied for
The fact that the stronger constraint arises in the slepton sector is a consequence of the large renormalization effect in the squark sector due to the gluino mass which enhances the average squark masses and therefore weakens the FCNC constraints [14, 8, 18] .
To summarize, when SUSY is broken by the dilaton, universality and proportionality are violated at the string loop level. The effect on mass differences in the various neutral meson systems is small. If the phase in the universality violating terms is of O(1), a lower bound on the down squark masses arises, md ≥ 180 GeV . The effects on the decay µ → eγ due to violation of either universality or proportionality are more significant and give a lower bound on the charged slepton masses, ml ≥ 135 GeV . As all sfermion masses are fixed by the gluino mass in this scenario, we conclude that the most stringent constraint is the one from the leptonic sector and requiresm 3 ≥ 450 GeV (or equivalently m 3/2 ≥ 90 GeV ). However, it should be stressed that such estimates are only accurate up to factors of O(1).
Constraints from CP Violation
In the previous section we investigated the effects of violation of universality and proportionality by string loop effects. In this section we study then CP violating effects that arise at the leading order and are implied by eqs. (3.1).
Such effects are constrained by the upper bounds on the electric dipole moments of the neutron (EDMN) and of various atoms and molecules.
When both universality and proportionality hold, there are, in general, two new CP violating phases (in addition to the CKM phase δ KM and the strong CP phase θ QCD ) [30] : 
14)
The contributions to the EDMs of the neutron and of various atoms from 13 φ A and φ B were estimated in ref. [31] . 
4).
⋆ Strictly speaking one should also take the renormalization of φ B into account. However, in ref. [32] it was shown that φ B does not renormalize and therefore we can use the boundary values at M X .
To summarize, of the two new CP violating phases, one vanishes at string tree level and poses no phenomenological problems. The other is expected, in general, to be of O (1), in which case it would require gluino mass above 800 GeV . Under special circumstances it could be suppressed, † but we see no simple mechanism to guarantee its vanishing.
Supersymmetry Breaking induced by the Moduli

Non-Universal Soft Terms
If the dominant source of supersymmetry breaking are moduli F -terms 
or equivalently m 3/2 > ∼ 15 T eV . ‡ Generically, this leads to squark and slepton masses of the same order of magnitude and hence radiative electroweak symmetry breaking requires a major fine-tuning in order to keep M Z at 90 GeV [38] .
However, large scalar masses also suppress the contributions to FCNC processes. † For example, whenμ = 0 and ∂ SŴ /Ŵ is real. Different mechanisms are proposed in refs. [36, 37] . ‡ A similar bound follows from the charginos. Again, this bound is correct only up to factors of O (1) and in specific models a smaller m 3/2 might appear [5] .
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For a small ratiom To summarize, for supersymmetry breaking induced by moduli the gaugino masses are suppressed and the experimental bound on the gluino implies rather large squark and slepton masses. At the same time flavor non-diagonal soft terms are present already at the string tree level and despite the large scalar masses they violate the FCNC bounds. Thus, one needs at least an approximate universality at leading order. § Non-proportional A-terms can renormalize the δ's and weaken the constraints but this mechanism is not available form
Universal Soft Terms
In the moduli dominated scenario universal soft terms appear at leading order whenever the couplings
The unit matrix δ IJ in eq. (4.5) is not the only solution which guarantees universal soft terms. Rather, there could be an arbitrary matrix which only depends on moduli whose F -terms vanish but which is independent on all moduli whose F -terms break supersymmetry. Indeed, Z (0) IJ obeys such a 'split' in string vacua based on (2, 2) compactifications where the metric for the 27 (of E 6 ) only depends on the (1, 2) moduli through an overall scale factor [39] . (Similarly, the metric for the 27 only depends on the (1, 1) moduli through an overall scale factor.)
Using eqs. (2.9) and (4.5) we find
Inserting into (2.8) and (2.10) results in
at the leading order (string tree level). For Yukawa couplings which only depend weakly on the supersymmetry breaking moduli (i.e. ∂ iỸIJL ≈ 0) the A-terms are strictly proportional to the Yukawa couplings
However, similar to the dilaton case this universality might be lost at the next order for generic Z Finally, let us discuss a specific example of the moduli dominated scenarios which is closely related to no-scale models [19] . For the special case of
in eq. (4.5) (which can also be found in (2, 2) vacua), (4.6) and (4.7) imply *
If, in addition, the moduli dependence of the Yukawa couplings is weak, ∂ iỸIJL ≈ 0, the A IJL terms also vanish at tree level and we have instead 
Cosmological implications
The existence of light moduli, M i ∼ M Z , with couplings to observable particles of order 1/m P , poses severe cosmological problems [40] [41] [42] . Such moduli are likely to dominate the matter density of the universe until their decay. When they decay, at time τ i ∼ m 2 P /M 3 i , they give a reheat temperature T R ∼ m P /τ i ∼ 10 −6 GeV , too low for successful nucleosynthesis (T N S ∼ 10 −3 GeV ).
The cosmological implications of the moduli are drastically different if their masses are much higher than M Z . A particularly interesting range is M i ∼ tens of T eV . If this it the typical mass scale of moduli then [43, 44] 1. The universe becomes matter dominated by the heavy moduli long before they decay if the Hubble constant during inflation is larger than the moduli masses.
The moduli would decay at time
∼ 1 sec. They will give a reheat temperature of T R ∼ m P /τ i ∼ a few M eV , just right for nucleosynthesis.
3. All decay products will thermalize very fast: with typical number density
and initial velocity v ∼ 1, the thermalization rate σn P v ∼ 10 −14 GeV is much faster than the expansion rate. 15) In this scenario, the moduli masses are necessarily heavy and consequently the cosmological problems related to light moduli can be evaded. However, the model faces two problems. First, in the previous section we found that if universality is violated at the string one-loop level, then mf (and consequently all other scales) should be at least two orders of magnitude above the bound (4.15). In this case, a major fine-tuning (of order ⋆ For another solution of the cosmological moduli problem, that does not require heavy moduli, see ref. [44] . † The moduli masses can only be much lower than m 3/2 for specialK andŴ [19] . 21 
Conclusion
In this paper we analyzed the effects of string loop corrections on rare processes at the weak scale. Since only limited information about these corrections is currently available, we estimated their typical order of magnitude and compared them with the stringent bounds implied by the small FCNC.
We find that in the dilaton scenario the experimental bounds can only be satisfied by raising the supersymmetry breaking scale,
which is a factor of 3 above the scale required by the direct experimental limits. Even with this hierarchy, generic tree level soft terms violate the bounds from rare processes. For squarks to have their masses at the lower bound, mq ∼ 15 T eV , the soft scalar masses that appear at the string tree level have to be universal.
Such universality does occur with extra conditions on the metric Z IJ .
We have not explicitly considered the case where moduli and dilaton Fterms are of the same order of magnitude F S ∼ F i . If eq. (4.5) holds, the soft parameters are essentially equivalent to the standard MSSM parameters at leading order with independentm 1/2 , m 2 0 , µ, A 0 , B. The gaugino masses are not suppressed and therefore they drive the renormalization of the scalar masses.
Without repeating the entire analysis we may conclude that, within the accuracy of our estimates, this leads to similar constraints as were found in the dilaton scenario. That is, the scale of supersymmetry breaking has to be raised compared the to scale required by the direct experimental limits.
In no-scale type scenarios also the scalar masses only appear at the loop level This leads to the interesting possibility of a large hierarchy between the observable sparticle masses and the moduli masses with interesting cosmological consequences. However, FCNC constraints push the scale to at least two orders of magnitude above the lower bounds. For this scenario to be realistic, universality has to hold well beyond the string one-loop level.
